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BACKGROUND OF THE INVENTION! 



B ACKGROUND FIELD OF INVENTION 



1. Field of the Invention 



This invention relates to la device for producing quantum effects:! a fiber iwhich is 



capable of carrying energy and] whose exterior surface has quantum dots attached to it 



Iwhich are controlled by said energy| . The invention has particular but not exclusive 
application in materials science, as a programmable dopant which can be placed inside 
bulk materials and controlled by external signals. 



B ACKGROUND DEFINITIONS AND THEORY OF OPERATION ! 



2. Description of the Related Art 



The fabrication of very small structures to exploit the quantum mechanical 
behavior of charge carriers (e.g., electrons or electron "holes") is well established. 
Quantum confinement of a carrier can be accomplished by a structure whose linear 
dimension is less than the quantum mechanical wavelength of the carrier. Confinement 
in a single dimension produces a "quantum well," and confinement in two dimensions 
produces a "quantum wire." 

A quantum dot (QD) is a structure capable of confining carriers in all three 
dimensions. Quantum dots can be formed as particles, with a dimension in all three 
directions of less than the de Broglie wavelength of a charge carrier. Such particles may 



be composed of semiconductor materials (including Si, GaAs, lAJGaAsJ InGaAs, InAlAs, 
InAs, and other materials), or of metals, and may or may not possess an insulative 
coating. Such particles are referred to in this document as "quantum dot particles." A 
quantum dot can also be formed inside a semiconductor substrate, through electrostatic 
confinement of the charge carriers. This is accomplished through the use of 
microelectronic devices of various design (e.g., a nearly enclosed gate electrode formed 



on top of a E-N4Htmefe*en quantum wellt) . Here, the term "micro" means "very small" 
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and usually expresses a dimension less than the order of microns (thousandths of a 
millimeter). The term "quantum dot device" refers to any apparatus capable of 
generating a quantum dot in this manner. The generic term "quantum dot," abbreviated 
QD in certain drawings, refers to any quantum dot particle or quantum dot device. 



The electrical, optical, thermal, magnetic, mechanical, and chemical properties of 



b material depend on the structure and excitation level of the electron clouds surrounding 



Us atoms and molecules. Doping is the process of embedding precise quantities of ' 



barefully selected impurities in a material in order to alter the electronic structure of thq 
Surrounding atoms (for example, by donating or borrowing electrons from them), anq 
therefore altering the material's electrical optical thermal magnetic, mechanicalon 



bhemical properties. Doping levels as low as one dopantatom per million atoms of 



Isubstrate can produce measurable changes in the expected behavior of the pure material! 



'(for example, by altering the band gap of a semiconductor), 



Quantum dots can have a greatly modified electronic structure from the 
corresponding bulk material, and [therefore different properties. Quantum dots) can £lso 



serve as dopants fcnside other materials, as described for example in LoCasclo et al. 



|(2002)| . Because of their unique properties, quantum dots are used in a variety of 
electronic, optical, and electro-optical devices. 

Kastner (1993) points out that the quantum dot can be thought of as an "artificial 
atom," since the carriers confined in it behave similarly in many ways to electrons 



confined by an atomic nucleus. The term "artificial atom" is now in common use (for 



bxample, in U.S. Patent 6498,354 to Jefferson et. al 2002)1 and is often used 



interchangeably with "quantum dot." However, for the purposes of this document, 
"artificial atom" refers specifically to the pattern of confined carriers (e.g., an electron 
gas), and not to the particle or device in which the carriers are confined. 



The term " buantum d ot programmable dopant} fiber" refers to a wire or fiber with 



quantum dots attached to, embedded in, or forming its outer surface. This should not be 
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confused with a quantum wire, which is a structure for carrier confinement in two 
dimensions only. 





fff\J KK^fC^ D)J t] Oil" 











Quantum dots are currently used as near-monochromatic fluorescent light sources, 
laser light sources, light detectors (including infra-red detectors), and highly miniaturized 
transistors, including single-electron transistors. They can also serve as a useful 
laboratory for exploring the quantum mechanical behavior of confined carriers. Many 
researchers are exploring the use of quantum dots in artificial materials, and as 
programmable dopants to affect the optical and electrical properties of semiconductor 
materials. 

Kastner (1993) describes the future potential for "artificial molecules" and 
"artificial solids" composed of quantum dot particles. Specifics on the design and 
functioning of these molecules and solids are not provided. Leatherdale et. al. (2000) 
describe, in detail, the fabrication of "two- and three-dimensional... artificial solids with 
potentially tunable optical and electrical properties." These solids are composed of 
colloidal semiconductor nanocrystals IIBil iHI on a semiconductor substrate. 
The result is an ordered, glassy film composed of quantum dot particles, which can be 
optically stimulated by external light sources, or electrically stimulated by attached 
electrodes, to alter its optical and electrical properties. However, these films are 
extremely fragile, and are "three dimensional" only in the sense that they have been made 
up to several microns thick. In addition, the only parameter which can be adjusted 
electrically is the average number of electrons in the quantum dots. Slight variations in 
the size and composition of the quantum dot particles mean that the number of electrons 
will vary slightly between dots. However, on average the quantum dot particles will all 
behave similarly. 

The embedding of metal and semiconductor nanoparticles inside bulk materials 
(e.g., the lead particles in leaded crystal) is also well established. These nanoparticles are 
quantum dots whose characteristics are determined by their size and composition, and 
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they serve as dopants for the material in which they are embedded, to alter selected 
optical or electrical properties. However, there is no means or pathway by which these 
quantum dot particles can be stimulated electrically. Thus, the doping characteristics of 
the quantum dots are fixed at the time of manufacture | 



the prior art almost completely overlooks the broader 
materials-science implications of quantum dots. The ability to place programmable 
dopants in a variety of materials implies a useful control over the bulk properties of these 
materials. This control could take place not only at the time of^BS^^B fabrication, 
but also PBEBiffi^l at the time of use, in response to changing needs and conditions. 
However, there is virtually no prior art discussing the use, placement, or control of 
P^^BBBSl quantum dots in the interior of bulk materials. TOigl^ iaiW^ there is 
no prior art discussing the placement of quantum dots on the i^^^^S^i of an 
electrically or optically conductive fiber. There are hints of these concepts in a handful 
of references, discussed below: 



U.S. patent 5,881,200 to Burt (1999) discloses an optical fiber (1) containing a 
central opening (2) filled with a colloidal solution (3) of quantum dots (4) in a support 
medium. The purpose of the quantum dots is to produce light when optically stimulated, 
for example to produce optical amplification or laser radiation. The quantum dots take 
the place of erbium atoms, which can produce optical amplifiers when used as dopants in 
an optical fiber. This fiber could be embedded inside bulk materials, but could not alter 
M^lS^WH^ properties since the quantum-dot dopants are enclosed inside the fiber. 
In addition, no means is described for exciting the quantum dots electrically. Thus the 
characteristics of the quantum dots are not programmable, except in the sense that their 
size and composition can be selected at the time of manufacture. 

U.S. patent 5,889,288 to Futafsugi (1999) discloses a semiconductor quantum dot 
device which uses electrostatic repulsion to confine electrons. This device consists of 
electrodes (16a, 16b, and 17) controlled by a field effect transistor, both formed on the 
surface of a quantum well on a semi- insulating substrate (11). This arrangement permits 
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the exact number of electrons trapped in the quantum dot (QD) to be controlled, simply 
by varying the voltage on the gate electrode (G). This is useful, in that it allows the 
"artificial atom" contained in the quantum dot to take on characteristics similar to any 
natural atom on the periodic table, i ncluding and also| transuranic and asymmetric atoms 
which cannot easily be created by other means. Unfortunately, the two-dimensional 



nature of the electrodes means that the buantum do t artificial atom! can exist only at or 



near the surface of the wafer, and cannot serve as a dopant to affect the wafer's interior 
properties. 

fcouwenhoven et al. (1998) describe the process of manupilating an artificial 



atom confined in a similar device, including changing its atomic number by varying thq 



[voltage on a gate electrode. The described device is capable of holding up to 100 



electrons, whose "periodic table" is also described, and is different from the periodic tablet 



Sfor normal atoms since the quantum confinement region is nonspherical. The materials 



science implications of this are not discussed. However] Turton (1995) describes the 



possibility of placing such quantum dot devices in two-dimensional arrays on a 



semiconductor microchip [ explicitly as a method for producing new materials through} 



brogrammable doping of the substrate) . This practice has since become routine, although 



the spacing of the quantum dot devices is typically large enough that the artificial atoms 



formed on the chip do not interact significantlv l nor produce macroscopically significant 



IdopingJ Such a chip also suffers from the limitation cited in the previous paragraph: its 
two-dimensional structure prevents its being used as a dopant except near the surface of a 
material or material layer. 

Goldhaber-Gordon et. al (1997) describe what may be the smallest possible 
single-electron transistor. This consists of a "wire" made of conductive (benzene) 
molecules, with a "resonant tunneling device" or RTD inline which consists of a benzene 
molecule surrounded by CH2 molecules which serve as insulators. The device is 



described (incorrectly, I wej believe) as a quantum well rather than a quantum dot, and is 
intended as a switching device (transistor) rather than a confinement mechanism for 
charge carriers. However, in principle the device should be capable of containing a small 
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number of excess electrons and thus forming a primitive sort of artificial atom. [Thus, the 



authors remark on page 19 that the device may be "much more like a quantum dot than a 



solid state RTD." The materials science implications of this are not discussed. 



ILT.S. Patent 6,512,242 to Fan et. al (1999) discloses a fiber-shaped material"^} 



kpecifically, a quantum wire or a plurality of quantum wires- which transport electrons 



into and out of a quantum dot or plurality of quantum dots. However, this transport is! 



'accomplished through "resonant tunneling" rather than through any direct connection 



between the fiber and the dot. In fact, Fan's diagrams show a definite spatial separation! 
[between the dots and the fibers. Furthermore, the quantum dots serve not as artificial! 



atoms but as "resonant coupling elements" which transport electrons between electronic^! 



{waveguides, or between different ports on the same waveguide. In other words, the dot 



serves only as a kind of conduit, and there is no means for controlling the number o$ 



{electrons trapped inside it at any given time, nor for controlling the size or shape of any 



artificial atom which might briefly (and incidentally) exist there. Thus, Fan's quantum! 



[dots could not be used as programmable dopants, and his device could not be used to 



bystematically (i.e., programmably) alter the properties of materials in real time. 



D 



U.S. Patent Application Publication US 2002/0079485 Al to Stinz. et. al (June! 



27,2002) discloses a "quantum dash" device which can be thought of as an asymmetric 



quantum dot particle with elongated axes, or as a short, disconnected segment of quantum} 



Swire. A plurality of these devices are embedded at particular locations inside a solid! 



material to alter its properties, specifically to enhance the excitation of laser energy} 



{within the material. Arguably the quantum dash devices serve as dopants, although thel 



authors do not refer to them as such, and also make no reference to "artificial atoms," noij 



ito the number or pattern of charge carriers confined within the dash. 



D 



1 In a very crude sense these dashes are "programmable," since the resulting 



structure is a "tunable laser" whose output frequency can be adjusted over a narrow/ 



jrange. However, this tuning is accomplished through "wavelength selective feedback." 



using an external optical grating to limit the input light frequencies which can reach the! 
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dashes inside the material. In their only reference to atom-like behavior, the authorsi 



declare, "an ensemble of uniformly sized quantum dashes that functioned as ideal 



buantum dots would have an atomic-like density of states and optical gain." Selection o? 
Ithe available quantum states is achieved exclusively at the time of manufacture, "withal 



ivariety of length-to-width-to-height ratios, for example, by adjusting the InAs monolayer 



Icoverage, growth rate, and temperature." 



0 

] In other words, although they don't describe it this way, the authors are relying on! 



Sthe exact geometry and composition of the quantum dashes to produce artificial atoms of 



a particular size, shape, and atomic number. While a beam of carefully selected photons] 



[can excite these artificial atoms inside the dashes, it cannot alter their fixed size, shape, or 



Atomic number. Moreover, no conduits are provided for this light energy. As a result 



(the energy affects all the quantum dashes equally, along with the surrounding material in| 



which they are embedded, and if this material is opaque, then the energy cannot reach the! 



[quantum dashes at all. In this sense, quantum dashes are merely a special class of 



buantum dot particles, and cannot serve as programmable dopants unless additional 



[supporting hardware (not described by Stinz et. al.) is provided, 



D 



However, it should be noted that the present invention, as described in this 



application, could employ quantum dashes in the same manner as quantum dot particles, 



with little change in its essential function 



McCarthy (1999), in a science fiction story, includes a fanciful description of 
"wellstone," a form of "programmable matter" made from "a diffuse lattice of crystalline 
silicon, superfine threads much finer than a human hair," which use "a careful balancing 
of electrical charges" to confine electrons in free space, adjacent to the threads. This is 
probably physically impossible, as it would appear to violate Coulomb ! s Law, although | 



do not wish to be bound by this. Similar text by the same author I- my se lf H appears 
in McCarthy (August 2000) and McCarthy (05 October 2000). Detailed information 
about the composition, construction, or functioning of these devices is not given. 
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The first detailed and technically rigorous di s cussion of a quantum do fc£bef 



occurs in Provisional Patent Application Scr.#60/3 12264, filed 13 August 2001 by 



myself. The Provisional Patent Application form s the ba s is of this patent applicat ion 



BRIEF] SUMMARY lOF THE INVENTION 



j[n accordance with the present invention, a quantum dot fiber comprise s a fiber 



containing on e or more control wires, which control quantum dots on the exterior surfa ee 



bf the fib e* 1 



D 



Accordingly, it is a general object of the present invention to use quantum dots to 



broduce a plurality of real-time programmable dopants wherein the foregoing problems^ 



lare eliminated. 



D 



Another and more specific object of the present invention is to provide an energy- 



transporting fiber to control the properties of said dopants using external energy sources, 



jeven when said dopants are embedded in solid materials, including opaque or electrically 



insulating materials which would ordinarily isolate said quantum dots from external) 



influences 



Another object of the present invention is to provide a programmable dopantj 



Ifiber, comprising 



D 



a fiber-shaped material; 



a plurality of quantum dot particles or quantum dot devices on the surface of thet 



Ifiber 



one or more control paths, which carry energy to the quantum dots in order tQ 



! control their confinement of charge carriers 



D 



The structure, composition, manufacture and functioning of quantum dot particles 



is taught by Lee (2003), incorporated herein by reference. The structure, composition. 
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manufacture and functioning of quantum dot devices is taught by Futatsugi (1999), 
incorporated herein by reference. It will be understood by a person of ordinary skill in 
Ithe art that the quantum dot particles or quantum dot devices employed by the present 

- — ^ — ^ 

invention may be of different design than those described by Lee and Futatsugi, but that? 
Itheir operating principles are essentially unchanged. 

Q 

1 According to the present invention, charge carriers are driven into the quantum 
dots by the energy in the control paths, and trapped there through quantum confinement, 
buch that they form artificial atoms which serve as dopants for the surrounding materials. 
The atomic number of each artificial atom is adjusted through precise variations in the( 
Ivoltage across the quantum dot which confines it. This alters the doping characteristics 
bf the artificial atoms! 

D 

1 In some embodiments of the present invention, the excitation level of the artificial 
ktom is also controlled, either through additional electrical voltages or through optical or 
electromagnetic stimulation. Additionally, in some embodiments of the invention thfi 
[energy in the control paths creates electric fields which affect the quantum confinement 
characteristics of the quantum dots, producing controlled and repeatable distortions in thet 
{size and shape of the artificial atoms, farther altering their doping characteristics, with a 
(corresponding effect on the surrounding material^ 

Q 

I Since the electrical, optical, thermal, magnetic, mechanical, and chemical! 
(properties of a material depend on its electronic structure, and since the embeddingof 
dopants can affect this structure, the programmable dopant fiber offers a means o$ 
{controlling the interior properties of bulk materials in real time J 

OBJECTS AND ADVANTAGES 1 

Accordingly, several objects and advantages of the present invention are: 

(a) that it provides a three-dimensional structure for quantum dots which can be 
considerably more robust than a nanoparticle film. For example, a contiguous 
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GaAs fiber or metal wire is held together by atomic bonds, as opposed to the 
much weaker Van der Waals forces which hold nanoparticle films together. 



(b) that it provides a method for the electrical and/or optical stimulation of 

quantum dot particles embedded inside bulk materials. The fiber S consist| 
of, or include^ one or more SH3 wires or optical conduits which are 
electrically and/or optically isolated from the material in which they are 
embedded. These pathways ^ branch directly to the ™™B^™t 
H quantum dot particles B^B^S iMSBSiSK^^Biiffl. providing the 
means to stimulate them. 



(c) that is provides a method for embedding and controlling electrostatic quantum 
dot devices (and potentially other types of quantum dot devices) inside bulk 
materials, rather than at their surfaces. 

(d) that it permits the doping characteristics of quantum dots inside a material to 
be controlled by external signals, and thus varied by a user at the time of use. 
Thus, the properties of the bulk material can be tuned in real time, in response 
to changing needs or circumstances. 



(e) that the mSSSm^ S^^^^S^^m^m fiber can be used outside of bulk 
materials, in applications where quantum dots, quantum wires, and 
nanoparticle films are presently used. For example, the qBMSBM 
^^^SB^BffiH fiber can serve as a microscopic light source or laser 
light source which is both long and flexible. 



(f) that multiple ESbtoR^ fibers can be arranged on a 

surface to produce two-dimensional materials analogous to nanoparticle films, 
but much stronger. 
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(g) that multiple [ quantum d et programmable dopant] fibers can be woven, braided, 



or otherwise arranged into three-dimensional structures whose properties can 
be adjusted through external signals, forming a type of "programmable 
matter" which is a bulk solid with electrical[jm| optical j pro perties (and | 



botentially other properties such -as thermal] magnetic, mechanical, and 



chemical properties! that can be tuned in real time through the adjustment of 
the energies in the control paths, which affect) the properties of artificial atoms 



used as dopants| . 



(h) that the resulting programmable materials, unlike nanoparticle films, can 
contain artificial atoms of numerous and wildly different types, if desired. 
Thus, the number of potential uses for the [ quantum do t programmable dopant) 
fiber materials is vastly greater than for the materials based on nanoparticle 
films. 



DRAWING FIGURES 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS! 



In the drawings, closely related figures have the same number but different 
alphabetic suffixes, except for figures 1 and 2 from the prior art, which are closely 
related. 



j^ gs 1, 2, 3a and 3b have been delet e d for cla rity: 

o 

1 Figs 1 and 2 are from the prior art, U.S. patent 5,881,200 to Burt (1999), and| 
show a hollow optical fiber containing a colloidal solution of quantum dots in a support 
[medium 

0 

I Figs 3a and 3b are from the prior art, U.S. patent 5,889,288 to Futasugi (1999), 
and show a semiconductor quantum dot device which uses electrostatic repulsion to 
confine electrons. 
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Figs 4a and 4b are from the present invention, in its preferred embodiment. This 
is a multilayered microscopic fiber which includes a quantum well, surface electrodes 
which form quantum dot devices, and control wires to cany electrical signals to the 
electrodes. 




Figs 5a and 5b disclose an additional embodiment of the present invention, in 
which the quantum dot devices (quantum well and electrodes) on the fibers surface are 
replaced with quantum dot particles. 

Figs 6a and 6b disclose a variant of this embodiment, in which the fiber comprises 
a single control wire with quantum dot particles attached to its exterior surface. 

Figs 7a and 7b disclose still another alternative embodiment of the present 
invention, comprising an ordered chain of quantum dot particles alternating with control 
wire segments. 



REFERENCE NUMERALS IN DRAWINGS 

the present invention are as follows: 



The reference numerals for 



(30) Surface electrodes 

(31) layers of quantum well 

(32) ^MiSBS fflSlSISH layer of quantum well 

(33) Memory layer, comprising microscopic transistors to switch electrodes on 
and off. This layer is optional, since this switching can be accomplished external to the 
fiber. 

(34) Control wires 
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(35) Insulator 

(36) Control wire branches to fiber surface 

(37) Quantum dot particles 

(38) Control wire segments 
(QD) Quantum dot region 



Please note that Figures k-Z 1, 2, 3a and 3b| are from the prior art j and arc included foi l 
Referenc e in the Prior Art section of this specification] To prevent confusion, the figures 
for the present invention ^n the drawing pages b elewj are numbered 4 and above. 



[DESCRIPTION FIGS, 1 a and 4 b PREFERRED EMBODIMENT 
DETAILED DESCRIPTION OF THE INVENTION 



FIG 4:[ Figures 4a (isometric view) and 4b (end view) show a preferred 
embodiment of the invention, which is a fiber containing control wires (34) in an 
insulating medium (35), surrounded by layers of semiconductor or other materials (3 4^ 
land (32) which form | a quantum well lf31),(32l plus an optional memory layer (33) 1 The 
[preferred composition of the insulator is a semiconductor oxide such as Si02, althougha 
variety of other materials could be used. The preferred composition of the quantum welj 
Us a central or transport layer (32) of a semiconductor such as GaAs, surrounded by 
barrier or supply layers (31) of a semiconductor with higher conduction energy, such as? 
lAlGaAs. Because of the difference in conduction energies, electrons "fall" preferentially 
into the lower energy of the Ga As transport layer, where they are free to travel 
(horizontally (that is, within the layer) but are confined vertically (perpendicular to the 
layer) by the higher conduction energy of the barrier layers. However, our invention is? 
foot limited to this particular configuration, and includes quantum wells made from other 
baterials and with other designs, as well as quantum wells designed to trap "holes" on 
bther charge carriers" 

The leeatral transport} layer (32) of the quantum well must be smaller in thickness 
than the de Broglie wavelength of the charge carriers to be confined in it. For an electron 
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at room temperature, this would be approximately 20 nanometers. Thicker quantum 
wells are possible, although they will only laperate exhibit quantum confinement of the| 
carriersi at temperatures colder than room temperature. Thinner quantum wells will 



operate at room temperature, and at higher temperatures so long as the de Broglie 



wavelength of the carriers does not exceed the thickness of the [confin e men t transport 
layer (32). 



The surface of the fiber includes conductors which serve as the electrodes (30) of 
a quantum dot device, which confine charge carriers in the quantum well into a small 



space or quantum dot (QD) rfeHft ing an artificial atom when a reverse-bias voltage is 



applied, since the negative charge on the electrodes repels electrons, preventing their) 



horizontal escape through the transport layer J The electrodes (30) are powered by control 



wire branches (36) reaching |to the fiber's surface! from the control wires (34) b the fiber' s 



surfeee in the fiber's center.) |fa the preferred embodiment, Tthe electrodes,! control wires 



and control wire branches kould normally b e electrical conductors are made of gold 



although in principle they could be made of [other metals, or other materialsj such as 
semiconductors or superconductors. 



Once the charge carriers are trapped in a quantum dot (QD), they form arj 



Artificial atom which is capable of serving asa dopant. Increasing the voltage on the 



electrodes (30) by a specific amount forces a specific number of additional carriers into} 



fche quantum dot (QD), altering the atomic number of the artificial atom trapped inside 



Conversely, decreasing the voltage by a specific amount allows a specific number o$ 



barriers to escape to regions of the transport layer (32) outside the quantum dot (QD) 



The preferred embodiment of the invention in Fig. 4a shows six electrodes for each! 



Quantum dot device, although more or less could be used, and by selecting the voltages 



on these electrodes it is possible to alter the replusive electric field, thus affecting size! 



I^nd shape of the quantum dot's (QD) confinement region, and therefore altering the size 



and shape of the artificial atom trapped inside it, either in conjunction with changes to the. 



Artificial atom's atomic number or while holding the atomic number constant. Thus, the 
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Hoping properties of the artificial atom are adjusted in real time through variations in the 



signal voltage of the control wires (34) at the fiber's center, 



Figure 4c shows the optional memory layer (33) 1 eemprises comprising 



microscopic transistors |or other switches which are placed inline with the control wirq 



branches (37) and| which serve as switches ^a nd which that! are capable of turning voltages 



to the surface electrodes (30) on and off. [The ends of the control wire branch (37) serve! 



las the source and drain electrodes of the switch, and an additional control wire branch 



K37) is extended from a central control wire (34) to serve as the switch's gate electrode 



The preferred form of the switch is a field effect transistor, although numerous other 



Itypes of switches may be used without affecting the function of the invention.! This 



switching or memory layer is optional, since this switching can be accomplished external 
to the fiber. However, it is included here for clarity. [Collectively, the control wire! 



branches (37), quantum well layers (31) and (32), electrodes (30), and optional memory 



layer (33) constitute a quantum dot device similar to that described by Futatsugi (1999). 



While this is a preferred embodiment, our invention is not limited to this particular 



configuration, and includes quantum dot devices made of other materials or of alternative 



idesign, including devices protected by an additional insulating layer (not pictured), either 



continuous or discontinuous, on top of the electrodes (30) at the fibers surface. 



Note that the exact arrangement of the various layers can be slightly different than 



is depicted here, without altering the essential functioning of the buantum d etj 



brogrammable dopant] fiber. For example, the cross-section may be any oval or polygon 



shape, and the frnslulated insulated! control wires need not be located at the fiber's center, 



although that seems to be the most convenient place to locate them. 



The preferred manner of using the programmable dopant fiber is to place the fiber 



lor a plurality of fibers, as needed, inside a bulk material (e.g., a semiconductor), or to| 
weave or braid them together into a two-or three-dimensional structure. Material layers! 



'(31) and (32) form a quantum well, which traps charge carriers in a quantum (wavelike] 



bianner in the central or transport layer (32V 
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0 

I Voltages are then passed through the control wires (30) from an external source. 
These voltages pass from the control wires to the control wire branches (36), where they 
lare carried to electrodes (30) on the surface of the fiber. Alternatively, the control wire} 
branches may pass through the optional memory layer (33) which consists of inline 
[transistors or other switches, embedded in an insulating medium, which are capable oj 
{switching the voltage pathways open or closed. From the memory layer, the control wire 
branches then lead to the electrodes (30) at the surface of the fiber. Once the voltage! 
baches the electrodes, it creates an electrostatic repulsion which affects the carriers 
[trapped in the quantum well, herding them into small areas known as quantum dotsj 
jvvhere they form artificial atoms! 

0 

1 Adjustment of the voltages on the electrodes can then affect the characteristics of 
Ithe artificial atoms, including: 

jfa) size 

fb) shape or symmetry 

|(c) number of charge carriers 

(d) energy levels of the carriersj 
The resulting changes in the artificial atom can dramatically affect its properties as a 
[dopant. 

0 

1 Depending on the number of control wires inside the fiber and the number ol 
jquantum dot devices along its surface, the artificial atoms located near the fiber's surface 
[fin the confinement layer 32) may all be identical may represent multiple "artificial} 
{elements" in regular or irregular sequences, or may all be different. For example, if the 
[signals sent to each quantum dot device (QD) were identical the artificial atoms on the! 
fober might all have an atomic number of 2, equivalent to helium (which would otherwise 
be extremely difficult to introduce as a dopant). Conversely, if two separate sets of? 
{control signals were sent, the artificial atoms could be an alternating pattern of helium 
If atomic number 2) and carbon (atomic number 6).| 
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1FIGS 5q 7b ADDITIONAL EMBODIMENTS! 

FIG. 5:1 Figures 5a (isometric view) and 5b (end view) show an additional 



embodiment of the invention, in which the fiber comprises multiple control wires (34) 
surrounded by insulation (35), with control wire branches (36) leading to quantum dot 
particles (37) on the surface of the fiber. For clarity, an optional memory layer (33) is 
included In the figur e l as well. In this embodiment, the control wires leould be arel 



conductors, but |they| could also be semiconductors, or superconductors, but could also b e 



optical fibers, or other types of conduits for carrying energy to stimulate the quantum dot 
particles (37). [Again, t j The dimensions can cover a broad range of microscopic values 



while retaining useful optical, electrical, and other properties for the [quantum det 
[programmable dopant) fiber. 



because they are easily self-assembled in chemical solutions, the preferred form 



of the quantum dot particles (37) is as spherical nanocrystals consisting of a core of 



semiconductor material, such as CdSe, surrounded by a passivating shell of crystalline) 



[organic material. Dimensions of the core should not exceed the de Broglie wavelength off 



khe carriers to be confined within it. While this is a preferred embodiment, our invention 



\s not limited to this particular configuration, and includes quantum dot particles of otheij 



jshapes or made using other materials and methods. Quantum dot particles may be 



deposited onto a substrate by evaporation as described by Lee (2003) and Leatherdale et. 



Sal (2000), and this is the preferred method for depositing them onto the fiber. Attachment 



|to the fiber is readily accomplished by means of van der Waals forces, although active^ 



("molecular tethers" may be added to the shell and/or fiber as described by Lee (2003) in 



lorder to bond the quantum dot particle (37) chemically to the insulator (35) or to the! 



(control wire branches (36) 



The operation of this embodiment is very similar to the previous one, with the. 



Exception that the carriers are confined in quantum dot particles (37) rather than by 



electrostatic repulsion and a quantum well. Voltages (or optical energy) are passed! 



'through the control wires (34) from an external source, and brought to the fiber's surface 



via control wire branches (36). These voltages are then carried to the quantum dot? 
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barticles (37). Placing the fiber adjacent to a grounded conductive or semiconductive 



material, including another programmable dopant fiber, produces a ground path from thq 



control wire branches which leads through the quantum dot particles, greating a voltage 



Across the particles and forcing charge carriers into quantum confinement inside them, 



jwhere they form artificial atoms. Increasing the voltage in the control wires drives 



additional carriers into the quantum dot particles (37), increasing the atomic number off 



jthe artificial atoms inside them. Additionally, electrical or optical energy passed through 



|the control wires can increase the excitation level of the artificial atoms. 



D 



[This stimulation can thus affect the properties of the artificial atoms contained in thfi 



jquantum dot particles, including: 



If a) number of carriers} 



jfb) energy levels of the carriers 



As before, the resulting changes in the artificial atom can dramatically affect its} 



broperties as a dopant 



D 



Depending on the number of control wires inside the fiber and the number of 



quantum dot particles along its surface, the artificial atoms located in the quantum dot) 



barticles may all be identical, may represent multiple "artificial elements" in regular or 



irregular sequences, or may all be different. In the case of the specific embodiment; 



khown in Figure Sa and 5b, there are four control paths, so each quarter-arc of the fiber's 



surface could receive different control signals and display different doping 



[characteristics. Thus, the fiber could have up to four "stripes" of different dopant running 



along its length 



FIG, 6:1 Figures 6a (isometric view) and 6b (end view) show another additional 
embodiment, in which quantum dot particles (37) are attached to the surface of a non- 
insulated control wire (34). In general, this wire would be an electrical conductor, 



s e miconductor, or s up e rconducto r^ but could b principl e! be another type of conduit for 



carrying energy to stimulate the quantum dot particles Tsuch as a semiconductor, 
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superconductor, or optical fibeij Dimensions can once again cover a broad range of 



microscopic values. 



iBecause they are easily self-assembled in chemical solutions, the preferred form 



of the quantum dot particles (37) is as spherical nanocrystals consisting of a core of 



semiconductor material, such as CdSe, surrounded by a passivating shell of crystalline 



lorganic material. Dimensions of the core should not exceed the de Broglie wavelength of 



|the carriers to be confined within it. While this is a preferred embodiment, our invention} 



Is not limited to this particular configuration, and includes quantum dot particles of othei 



shapes or made using other materials and methods. Quantum dot particles may be. 



deposited onto a substrate by evaporation as described by Lee (2003) and leatherdale et. 



al. (2000), and this is the preferred method for depositing them onto the fiber. 



Attachment to the fiber is readily accomplished by means of van der Waals forces, 



although active "molecular tethers" may be added to the shell and/or fiber as described by 



jLee (2003) in order to bond the quantum dot particle (37) chemically to the control wire 



1341 



The operation of this embodiment is similar to the previous one, with the! 



{exception that the fiber comprises a single control wire (34), with quantum dot particlesl 



f37) attached to its outer surface. Once again, the quantum dots are stimulated by voltage! 



Ifor optical energy) passing through the control wire to a ground path which includes the 



quantum dot particles,stimulating them as described above. This stimulation can then! 



kffect the properties of the artificial atoms contained in the quantum dot particles. 



including: 



If a) number of carriers) 

Ifb) energy levels of the carrier^ 



As before, the resulting changes in the artificial atom can dramatically affect itsl 



broperties as a dopant. 



o 

I The capabilities of this embodiment are more limited, in that (barring minoi^ 



Variations in the size and composition of the quantum dot particles) all the artificial atoms 
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along the fiber cannot be controlled separately or in subgroups, and will therefore have 



the same characteristics, and no controlled patterning of different artificial dopant speciesj 



is possible, except at the time of manufacture. 



FIG, 7;| Figures 7a (isometric view) and |§b7b| (end view) show still another 



additional embodiment, in which control wire segments (38) alternate with quantum dot 
particles (37). The dimensions of both the wire segments and the quantum dot particles, 
while generally microscopic, could cover a broad range of values while retaining useful 



properties for the (quantum d et programmable dopant] fiber 



The operation of this embodiment is similar to the previous one, with the 



exception that the quantum dot particles (37) are not attached to the surface of the fiber 



but are an integral part of its structure, alternating with control wire segments (38) 



Because they are easily self-assembled in chemical solutions, the preferred form of the 



quantum dot particles (37) is as spherical nanocrystals consisting of a core of 



semiconductor material, such as CdSe, surrounded by a passivating shell of crystalline 



organic material Dimensions of the core should not exceed the de Broglie wavelength oj 



Sthe carriers to be confined within it. Control wire segments (38) are metallic, and bonded 



chemically to "molecular tethers" on the quantum dot particles (37), per Lee (2003) 



(While this is a preferred embodiment, our invention is not limited to this particular 



configuration, and includes quantum dot particles and control wire segments made and! 



jjoined using other materials and methods, including the molecular wires and quantum 



Idots described by Goldhaber-Gordon et. al. (1997). 



D 

1 A voltage (or optical energy) is passed through the control wire, and passes! 



jdirectly into and through the quantum dot particles, stimulating them as described above 



This stimulation can then affect the properties of the artificial atoms contained in the, 



jquantum dot particles, including: 



If a) number of carriers! 



fb) energy levels of the carriers 
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As before, the resulting changes in the artificial atom can dramatically affect its 
broperties as a dopant 



The capabilities of this embodiment are even more limited than the previous one, 



\n that resistive losses across each quantum dot particle will cause the voltage to drop 


(significantly across each segment of the fiber. Thus, each successive artificial atom 




along the fiber's length will have a lower voltage (or illumination) than the one before it. 


Thus, the artificial atoms cannot be individually controlled and will not be identical 




Instead, the user may select a sequence of artificial elements, of successively lower 



energies, to be presented by the fiber. For example, the fiber might contain a number o$ 



Artificial atoms bearing atomic number 6, followed by a number bearing atomic number 
5, and so on. This is far from the ideal form of a programmable dopant fiber, but it does! 
provide a unique doping capability which the prior art cannot duplicate. 

ALTERNATIVE EMBODIMENTS } 

There or e various po s sibilities for making the quantum dot fiber of differ ent 

I matcrials, and in diff e r e nt configurations. The mo s t advantag e ous configurations are thel 
'small e st, since smaller quantum dots can contain charge carriers at high e r e nergi e s and | 
j thus display atom - lik e behavior at high e r t e mp e ratur e s. Th e smallest conceivable} 
fauantum dot fiber would be similar in d e sign to th e singl e-e l e ctron tran s istor d e scri bed-k 
l Goldhab e r - Gordon e t. al (1997), although molecul e s th e s ize of benzen e rings or sm aBerj 
^f e mployed as quantum dot particles, will b e unable to hold larg e numbers of exc ess 
charge carriers. Thi s limits their us e fulne s s in gen e rating artificial atoms. A som e what ! 
larger but more practical design is to e mploy el e ctrically conductive nanotub e s, s uch a s a 
barbon nanotubes, as th e control wire se gments (3 8 ), and fullerene - typ e mol e cul e s, -su6hj 
jas carbon fullerenes, as the quantum dot particl e s 
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ADVANTAG ES! 



From the description above, our buantum d et programmable dopant] fiber can be 



seen to provide a number of babailitie s capabilities! which are not possible with the prior 
art: 



If a) The ability to place programmabl e dopants in th e int e rior of bulk materia l 



The ability to blace programmable dopants in the interior of bulk materials! 
Ewj to control the properties of these dopants in real time, through external 
signals. In contrast, the properties of dopants based solely on quantum dot 
particles can only be controlled at the time of manufacture. 



(jeb|) The ability to form programmable materials containing "artificial atoms" of 
diverse types. In contrast, programmable materials based on nanoparticle 
films can contain only multiple instances of one "artificial element" at a 
time. 

Also from the above description, several advantages over the prior art become evident: 



(a) Materials based on buantum do t programmable dopant) fibers will, in general, 



be much stronger than materials based on nanoparticle films. 



(b) i Quantum d et Programmable dopant] fibers can be used in numerous 



applications where quantum dots and quantum wires are presently employed. 



However, the buantum d et programmable dopant) fiber provides isolated 



energy channels for the optical or electrical stimulation of the quantum dots, 
permitting the dots to be excited without also affecting the surrounding 
medium or materials. For example, light can be passed through a quantum dot 
by means of the fiber, without also being shined on or through surrounding 
areas l except through the fiber itseE Similarly, an electrical voltage can be 
channeled to a quantum dot without passing through the surrounding mediumj] 
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except through the fibeij . Thus, kuantem-det programmable dopant) fibers can 



be used in numerous applications where brdinand quantum dot devices or 



particles would brovc disru ptive not operate, or would disrupt the surrounding 



foaterial in uncontrolled ways . 



OPERATION FIGS 1 a -and^ 



The preferred mann e r of using the quantum dot fib e r is to place a fiber or a | 



blurality of fiber s , as needed, inside a bulk material (e.g., a s emiconductor), or to weave) 



or braid them tog e th e r into a two or thre e dimensional s tructur e . Material lay e rs (3 1) anj 



1 (32) form a quantum well, which traps charge carrier s in a quantum (wavelik e ) mann e r in 



Ith c central lay e r (32) 



D 



Voltages (or other energy if appropriate) arc then passed through the contro ^wires 



f30) from an external sourc e . These voltages pass from the control wires to th e control 



wire branche s (36), where they are carried to electrodes (30) on the sufrace surface of th e 



[fiber. Alternatively, the control wire branch e s may pass through an optional memo^ 



layer (33) which con s ist s of transistors or other switches which arc capable of switchin g 



th e voltage pathways open or closed. From the m e mory layer, th e control wire bran ches 



would then lead to th e electrodes at the surface of the fiber. Once the voltag e reaches th e 



e l e ctrod e s, it creat e s an electrostatic repulsion which aff e cts the carriers trapped in th$ 



fouantum well, herding them into small areas known as quantum dots, wh e re they form 



brtificial atoms 



D 



Adjustm e nt of the voltages on the electrodes can th e n aff e ct the characteris ties-ef 



the artificial atoms, including 



|( e ) siz e 



I ff) shape or s ymm e t ry 



Ifg) number of charge oarriers l 



I fh) energy levels of the carri e r s 



The resulting changes in the artificial atom can dramatically affect its properties a s-s 



dopant. 
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D 

1 D e pending on the numb e r of control wires inside the fib e r and the number of 
quantum dot devices along its surface, the artificial atoms locat e d near the fiber's surfac e 
Kin the confinement layer 32) may all b e identical may represent multiple "art ifiekl 
(elements" in regular or irregular sequ e nces, or may all b o diffe rent: 



[OPERATION ■ FIGS 5a ft fltt-Sb 

Th e operation of this e mbodiment is very similar to th e pr e vious one, with th e 
[ e xc e ption that th e carriers ar e confined in quantum dot particl e s (37) rath e r 4han-fey 
electrostatic repulsion and a quantum w e ll. Voltages (or optical energy or other energ y) 
|arc pa s sed through the control wires (34) from an e xternal s ouroe, and brought to th € 
[ fibers surface via control wir e branches (36): Th e s e voltag e s ar e th e n carri e d 4e4he 
[quantum dot particl es , in order to stimulat e th e m. Thi s s timulation can then aff e ct th e | 
properties of the artificial atoms contain e d in the quantum dot particl es , inc hKfeg: 

£e) number of carri e r s 

fcd ) energy l e v e l s of th e carri e r s 
As befor e , the r e sulting changes in th e artificial atom can dramatically aff ee^ts 
[ propertie s a s a dopa nfc 

o 

| Depending on th e number of control wires insid e th e fiber and the numb e r of 
[ quantum dot particl e s along its surfac e , the artificial atoms locat e d in the quantum dot 
barticl e s may all be identical, may repr e s e nt multiple "artificial elements" in r e gular of 
irregular sequenc e s, or may all be diff e r e nt : 



OPERATION FIGS 6a amM^N 

1 : . 

The operation of this embodiment is similar to the previous one, with th e 

e xception that the fiber comprises a singl e control wir e (3 4 ), with quantum dot particles 

[3 7) attached to its outer surface. The quantum dots ar e stimulat e d by voltag e (or o ptieaj 

e nergy or oth e r e n e rgy) pa s sing through th e control wir e . This stimulation can t hen 
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affect the properties of the artificial atom s containod in tho quantum dot particles; 
(including; 

fe) number of carri e r s 

£d) energy level s of the carri e r s 
A s before, the resulting chang e s in the artificial atom can dramatically aff e e t4ts 
brop e rti e s a s a dopanfc 

o 

1 The capabilities of thi3 embodim e nt are mor e limited, in that (barring m mef 
variations in the size and composition of the quantum dot particles) all the artificial -atem^ 
l along tho fiber will have th e same characteristics. In som e cas e s it may be n c cessar ^te 
blace a high impedance in s e ries with the fiber's control wire in order for a voltage 
drive charge carri e rs into th e quantum defe 



OPERATION FIGS 7a and 7b 

1 ; . 

The operation of thi s e mbodim e nt is similar to the pr e vious one, with-the 

[exception that the quantum dot particle s (37) are not attach e d to th e surfac e of the fib e r ; 

but ar e an integral part of its structure, alternating with control wir e se gm e nts (3 8 ), A 

voltage (or optical e nergy or oth e r e n e rgy) i s pass e d through th e control wir e , and passe s 

[ dir e ctly into and through th e quantum dot particles, stimulating th e m. This stimula ties 

ban then affect th e prop e rti e s of the artificial atoms contain e d in th e quantum dot 

barticl es , including: 

fc) number of carri e r s 

Ei) energy l e vel s of the carri e rs 
As befor e , th e resulting chang e s in the artificial atom can dramatically aff e e fr4ts 
brop e rti e s as a dopant 

D 

1 The capabilities of thi s embodim e nt ar e even mor e limited than th e pr e vious on e , 
\n that r e si s tiv e loss e s across each quantum dot particl e will cau se th e voltag e to ^drepl 
s ignificantly across each se gment of th e fiber. Thus, e ach s uccessiv e artificial atom 
lalong the fiber's length will hav e a lower voltage (or illumination or other e xcitation) than } 
jthe one b e fore it. Thus, th e artificial atoms cannot be individually controlled and will ^et 
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bo identical. Instead, the user may s elect a s equenc e of artificial element s , of f 



successively lower en e rgi e s, to be presented by th e-fibefr 



CONCLUSION, RAMIFICATIONS, AND SCOPE 



Accordingly, | the read e r a person of ordinary skill in the art) will see that the 



lquantum d ot programmable dopant] fiber of this invention can be used as a real-time 
programmable dopant inside bulk materials, as a building block for new materials with 
unique properties, and as a substitute for quantum dots and quantum wires in various 
applications (e.g., as a light source or laser light source). 

Although the description above contains many specificities, these should not be 
construed as limiting the scope of the invention but merely providing illustrations of 
some of the presently preferred embodiments of this invention. 



There are various possibilities for making the programmable dopant fiber of 



different materials, and in different configurations. The most advantageous 



[configurations are the smallest, since smaller quantum dots can contain charge carriers at 



higher energies (shorter de Broglie wavelengths) and thus display atom-like behavior at 



higher temperatures. The smallest conceivable programmable dopant fiber would bel 
similar in design to the single-electron transistor described in Goldhaber-Gordon etTaj 



1(1997), although molecules the size of benzene rings or smaller, if employed as quanturrj 



Idot particles, will be unable to hold large numbers of excess charge carriers. This limits 



jtheir usefulness in generating artificial atoms. A somewhat larger but more practical 



Idesign is to employ electrically conductive nanotubes, such as a carbon nanotubes, as the 



control wire segments (38), and fullerene-type molecules, such as carbon fullerenes, as} 



Ithe quantum dot particles (37) 



Numerous other variations exist which do not affect the core principles of the} 



invention's operation] For example, the fiber could have non-circular shapes in cross- 
section, including a flat ribbon with quantum dots on one or both sides; the "artificial 
atoms" could be composed of charge carriers other than electrons, the control wires could 
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be replaced with semiconductor, superconductor, optical fiber, or other conduits for 
carrying energy; the control wires could be antennas for receiving signals and energy 
from electromagnetic waves; any of the embodiments listed here could be replicated on a 
molecular scale through the use of specialized molecules such as carbon nanotube wires 
and fullerene quantum dot particles; the quantum dots could be other sorts of particles or 
devices than those discussed herei nBBMSSKM^ 

EgSBll^ the number and relative sizes of the 

quantum dots with respect to the fiber could be significantly different than is shown in 
the drawings. 



Thus the scope of the invention should be determined by the appended claims and 
their legal equivalents, rather than by the examples given. 
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CLAIMS: fWel claim: 



1. |f currently amended)! En~a A| device for producing quantum effects, comprising: 

(a) a material fashioned into an elongated fiber shape, as in a wire, ribbon, or 
optical fiber]] 

one or more control paths which carry energy along said fiber]] 



(b) 
(c) 



quantum dots, whether particles[oi] devices ^ other type sj on brn e ai] the 



surface of the fiber, which |are connected to said control paths and which 
employ quantum confinement, using the energy or energies in said control 
baths to| trap and hold a (controlled! configuration of charge carriers bas e d 
on th e energy or en e rgies in s aid control p athsL thus forming artificial 



atoms Iwhose size, shape, atomic number and energy level are dependent 



on the energies in said control paths; 



whereby said fiber can serve as a substitute for quantum dots and quantum wires in 

existing and future applications, and 
whereby the electrical, optical l thermal, and-p os s ibly oth e r prop e rti e s s uch a s | magnetic, 

mechanical, and chemical properties of said fiber can be manipulated through 



adjustment of the energies in the control paths l thus altering the dopant properties of 



baid artificial atomj and 
whereby said fiber can be embedded inside a bulk material, to serve as a programmable 



dopant which is capable of altering the electrical, optical l thermal, magnetic. 



bechanical, and chemical and possibly ot feeq properties of said material in real time 
based on the energies in said control paths, and 
whereby a plurality of said fibers can be woven, braided, or (stacked oth erwise arranged ! 



into two- or three-dimensional structures, creating bovel materials whose 



charact e ris ties electrical, optical, thermal, magnetic, mechanical, and chemical 



bropertiesl are electrically or optically programmable in real time by means of the 
energies in said control paths. 
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2. ^currently amended)! The device of Claim 1 wherein said control paths 



are electrical wires, whether conductors, semiconductors, or superconductors, 
which carry electrical voltage^ 



3. |forginal)| The device of Claim 1 wherein said control paths are optical fibers 



carrying light or laser energy. 

4. |(original)| The device of Claim 1 wherein said control paths are radio 
frequency or microwave antennas. 



5. [(currently amended)! The device of Claim 1 wherein the quantum dots 



are quantum dot particles^ 



6. |foriginal)| The device of Claim 1 wherein the quantum dots are quantum dot 



devices. 



7. (new) The device of Claim 1 wherein only the atomic number and energy! 



[level of the artificial atoms can be controlled. 



8. (new) The device of Claim 1 wherein only the energy level of the 



artificial atoms can be controlled. 



9. |f currently amended) A method for controlling dopants in the interior of bulk 



materials En real time, well after their time of manufacture!, comprising 



(a) confining charge carriers in a dimension smaller than the de Broglie 
wavelength of said carriers, such that the carriers assume a quantum wavelike 
behavior in all three dimensions^ 

(b) carrying electrical or other energy through conduits to said carriers while 
embedded in a solid material, without said energy directly contacting said 
material except through said carriers^ 
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|fc) controlling said energy so that 'artificial atoms 1 are formed in the confinement 



jregioo, whose properties can be adjusted in real time] 



whereby said barriers form configurations such ^asj artificial atoms khose properties ar e| 



(controlled in r e al tim e , and which arc capable of serving serve! as programmable 



dopants to alter the electrical, optical, a hd po s sibly other properties such as thermal 
magnetic, mechanical, and chemical propertied of said material in real time rather 
Ithan at the time of manufacture!, and 



whereby a plurality of said methods can be combined, creating a means for producing 
Novell materials whose electrical, optical, hnd possibly other properties such ^ 
thermal magnetic, mechanical, and chemical properties can be adjusted in real time 



father than at the time of manufacture 



10. Ifcurrently amended)! The method of Claim |6_9j wherein the means of 
confining said charge carriers is a plurality of quantum dot particles or quantum 
dot devices, and said conduits are consolidated into fibers to which said quantum 
dot particles or quantum dot devices are attached. 
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QUANTUM P OT PROGRAMMABLE DOPANT] FIBER 



Abstract: lA fiber of microscopic diamet e r, h aving A programmable dopant fiber 



includes a plurality of quantum structures formed on a fiber-shaped substrate, wherein the 



bubstrate includes one or more energy-carrying control paths (34), possibly surrounded 



by an feshnrter insulatoij (35), which pass energy to the buantum structures, said 



btructures including either quantum dot particles (37) on the fiber f s surface~or| electrodes 



(30) on top of material layers (3 1) and (32) which form quantum dot b devicesr^te 



buantum dot particle s (37) on the fib e r' s surfac e] The energy passing through the kires 



stimulates control paths drives charge carriers intcl the quantum dots (QD), leading to the 



formation of "artificial atoms" with real-time tunable properties. These artificial atoms 
then serve as programmable dopants Iwhich alter the behavior of surrounding materials) . 
The fiber can be used as a programmable dopant inside bulk materials, as a building 
block for new materials with unique properties, or as a substitute for quantum dots or 
quantum wires in certain applications. 
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SEQUENCE LISTING 
Not applicable. 
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